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Ribosomes and ribosomal RNA as chaperones for folding of
proteins
Wieslaw Kudlicki, Ashley Coffman, Gisela Kramer and Boyd Hardesty
Background: Provocative recent reports indicate that the large subunits of either
prokaryotic or eukaryotic ribosomes have the capacity to promote refolding of
denatured enzymes.
Results: Salt-washed Escherichia coli ribosomes are shown to promote
refolding of denatured rhodanese. The ability of the ribosomes to carry out
renaturation is a property of the 50S ribosomal subunit, specifically the 23S
rRNA. Refolding and release of enzymatically active rhodanese leaves the
ribosomes in an inactive state or conformation for subsequent rounds of
refolding. Inactive ribosomes can be activated by elongation factor G (EF-G) plus
GTP or by cleavage of their 23S rRNA by -sarcin. Activation by either
mechanism is strongly inhibited by the EF-G⋅GDP⋅fusidic acid complex.
Conclusions: Large subunits of E. coli ribosomes, specifically 23S rRNA, have
the capacity to mediate refolding of denatured rhodanese. Refolding activity is
related to the state or conformation of ribosomes that is promoted by EF-G.
Activation by either mechanism is strongly inhibited by the EF-G⋅GDP⋅fusidic
acid complex.
Introduction
Dasgupta and co-workers [1] reported that 70S ribosomes
have the capacity to mediate refolding of denatured
glucose-6-phosphate dehydrogenase from yeast and
Escherichia coli alkaline phosphatase in a chaperone-like
manner. This folding activity was subsequently shown to
be related to the large ribosomal subunit of either prokary-
otic or eukaryotic ribosomes, specifically to their 23S and
28S rRNA, respectively [2]. These results prompt the
provocative hypothesis that ribosomes themselves may
mediate folding of nascent proteins during their synthesis.
Results from several laboratories indicate that proteins
fold on ribosomes either during their synthesis or immedi-
ately after elongation of the nascent protein is completed,
but before hydrolysis of peptidyl-tRNA, which occurs
during codon-directed termination and release of the
protein from the ribosome [3–5]. The in vitro synthesis of
wild-type rhodanese [6] or ricin [7] on E. coli ribosomes
yields two types of full-length polypeptide products: enzy-
matically active protein that is released from the ribo-
somes apparently in its native conformation, and inactive
full-length protein that remains bound to the ribosomes as
peptidyl-tRNA. The ribosome-bound inactive rhodanese
can be converted into active enzyme and released from
the ribosome by simultaneous incubation with the five
bacterial molecular chaperones DnaJ, DnaK, GrpE,
GroEL, and GroES [6]. These studies demonstrate that at
least some of the chaperone-mediated folding reactions
can take place on the ribosome. That proteins can be
folded into an enzymatically active conformation while
bound to ribosomes was demonstrated for C-terminally
extended rhodanese on E. coli ribosomes [8] and luciferase
on wheat germ ribosomes [9]. However, doubt remains as
to whether proper folding of all nascent proteins on ribo-
somes requires chaperones. Kudlicki et al. [10] demon-
strated that enzymatically active rhodanese could be
formed efficiently in a cell-free transcription/translation
system that was deficient in chaperones. Recently,
Lorimer [11] calculated that the concentration of the
chaperonin GroEL in rapidly growing E. coli was adequate
to facilitate folding of only about 5% of all proteins synthe-
sized in these cells. Since rhodanese does not refold effi-
ciently from the denatured state [12], these observations
lead us to consider the possibility that the ribosomes
themselves are able to carry out a chaperone-like function.
Here, we confirm the results of Dasgupta and co-workers
[2,13] indicating that 50S ribosomal subunits or 23S RNA
can promote refolding of denatured proteins. However, a
serious question exists as to whether the refolding phe-
nomenon observed is a specific ribosomal function or a
nonspecific effect similar to that exhibited by micelles of
lauryl maltoside [14] or by cardiolipin liposomes [15].
Recently Chattopadhyay et al. [16] reported that refolding
of lactate dehydrogenase by 23S rRNA was inhibited by
erythromycin or chloramphenicol and by certain oligonu-
cleotides that hybridize with nucleotide segments in the
central loop of domain V of the rRNA. This loop is
thought to comprise the peptidyl transferase center of 50S
ribosomal subunits. These results suggest that protein
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folding is carried out as a specific function of the large
ribosomal subunit. The results we present here support
this hypothesis. Inactive ribosomes can be reactivated for
refolding by elongation factor G (EF-G) with GTP or by
cleavage of their 23S rRNA with -sarcin. Fusidic acid
blocks reactivation by the EF-G reaction or by -sarcin
and prevents cleavage of the 23 S rRNA by the latter.
Results
ATP-independent, ribosome-assisted or rRNA-assisted
refolding of denatured rhodanese
Rhodanese is an excellent model for protein folding
studies. It is a monomeric mitochondrial enzyme with a
hydrophobic N-terminal signal sequence that remains
attached to the protein after it is transported into mitochon-
dria [17]. A sensitive assay exists for rhodanese enzymatic
activity [18]. Refolding of denatured rhodanese can be pro-
moted by the chaperonins GroEL and GroES [12]. Micelles
of detergents, such as lauryl maltoside and cardiolipin,
increase the extent and rate of refolding [14,15]. The
bovine rhodanese cDNA has been cloned and sequenced
[17] and can be expressed efficiently in a cell-free transcrip-
tion/translation system derived from E. coli [6].
Enzymatically active, soluble rhodanese produced and
released from the ribosomes during cell-free
transcription/translation was used for most experiments.
This enzyme was separated from the ribosomes by cen-
trifugation, purified by (NH4)2SO4 precipitation followed
by chromatography on Affi-Blue gel then denatured with
8 M urea. In other experiments, rhodanese that remained
bound to the ribosomes as peptidyl-tRNA after the cell-free
transcription/translation was released from the ribosomes
by incubation with either puromycin or the bacterial molec-
ular chaperones and protein release factors. After centrifu-
gation, the supernatant fraction was concentrated by
ultrafiltration, denatured, then renatured with either ribo-
somes or GroEL/GroES. All of these forms of denatured
rhodanese could be renatured into an enzymatically active
protein (data not shown).
The data in Table 1 indicate that salt-washed 70S ribo-
somes or their 50S ribosomal subunits promote efficient
refolding of rhodanese. Refolding beyond the sponta-
neous level fails to occur if the ribosomes are inactivated
by heat, indicating that the native structure of the ribo-
some is required for protein folding. However, in contrast
to refolding with GroEL/GroES, refolding by the ribo-
somes is not dependent upon ATP. High activity is also
observed with eukaryotic 80S ribosomes from rabbit retic-
ulocytes or wheat germ (data not shown). The 30S sub-
units of 70S ribosomes are inactive. 
The level of refolding by either the ribosomes or its 50S
subunits or by GroEL/GroES with ATP reached about
60%; however, 97% of the denatured rhodanese was
refolded when the 70S subunits and GroEL/GroES plus
ATP were added together. This result may indicate a
cooperative effect of GroEL/GroES on ribosome-bound,
but not correctly refolded, rhodanese molecules. 
The 23S rRNA of the 50S ribosomal subunits appears to
be as active for rhodanese refolding as either 70S ribo-
somes or 50S ribosomal subunits (Table 2). This activity is
sensitive to denaturation of the rRNA by heat or degrada-
tion by ribonucleases. The most active preparations of 23S
102 Folding & Design Vol 2 No 2
Table 1
Refolding of denatured rhodanese by E. coli ribosomes.
Additions Rhodanese refolding (%)
+ ATP + ADP
None 12 12
70S ribosomes 58 57
70S ribosomes after heating 10 9
50S subunit 71 72
30S subunit 16 16
GroEL/GroES 64 5
70S ribosomes plus GroEL/GroES 97 9
Rhodanese was synthesized in the E. coli cell-free system and purified.
Denatured rhodanese (15 nM final concentration) was incubated either
with 70S, 50S and 30S ribosomes (20 nM each) or GroEL (18 nM as
tetradecamer) and GroES (36 nM as heptamer) in the presence of
2 mM ATP or ADP. The activity of refolded enzyme was measured after
30 min refolding at 37°C and is expressed as a percentage of the
activity of the same amount of native enzyme incubated at 37°C under
the same conditions. A blank lacking rhodanese was subtracted.
Table 2
Reactivation of denatured rhodanese by rRNA.
Additions Rhodanese reactivation (%)
None 12
23S rRNA 61
RNase-treated 23S rRNA 17
Heat-denatured 23S rRNA 18
16S rRNA 20
5S rRNA 18
MS2 mRNA 19
tRNA 19
Rhodanese (15 nM) was synthesized in vitro, purified and denatured
with 8 M urea, then renatured and assayed for enzymatic activity.
Reactivation was carried out by incubation in the absence or presence
of 23S rRNA (35 nM), 16S or 5S rRNA (100 nM), transfer RNA from
E. coli (200 nM), MS2 mRNA (250 nM) or 23S rRNA treated with
ribonucleases (50 g ml–1 RNase A, 1000 units ml–1 RNase T1) at
37°C for 30 min.
rRNA were generously provided by Harry Noller and co-
workers to whom we are indebted. No refolding activity
has been detected with 16S rRNA from the small riboso-
mal subunit or with any of the other RNA species tested.
Stoichiometry and kinetics of ribosome-assisted refolding
The amount of ribosomes required to give the maximum
refolding with a known amount of denatured rhodanese
was determined (Fig. 1). Maximally about 60% reactiva-
tion was obtained with a ribosome : rhodanese molar ratio
of approximately 1. The percentage of activated enzyme
was not increased by additional ribosomes. Similar results
were obtained with 50S ribosomal subunits or 23S rRNA.
Dasgupta and co-workers [2,13] have observed a similar
molar ratio of denatured protein : ribosome for maximum
refolding of lactate dehydrogenase or glucose-6-phosphate
dehydrogenase.
The timecourse for renaturation of denatured rhodanese
in the absence and presence of either ribosomes or
GroEL/GroES plus ATP (Fig. 2) indicates that refolding
proceeds more rapidly with ribosomes than with the chap-
eronins. With ribosomes, maximum refolding was reached
after about 5 min even though 39% or more of the protein
was not reactivated. This protein could not be reactivated
by extending the incubation time or increasing the
amount of ribosomes present in the reaction mixture. 
To determine the portion of the rhodanese protein that
was associated with the ribosomes after the renaturation,
the reaction mixture was separated by centrifugation into
a ribosome fraction and a supernatant fraction. The latter
contained 90% of the enzymatic activity and about 65% of
the total rhodanese protein that was recovered in the two
fractions (Table 3a). The amount and distribution of rho-
danese protein were determined from [14C]leucine that
had been incorporated into the protein during its synthe-
sis. Addition of an excess of unlabeled denatured rho-
danese into the reaction mixture after the renaturation,
but before the centrifugation, did not change the distribu-
tion of [14C]rhodanese into the supernatant and ribosomal
pellet. This result indicates tight binding of the denatured
rhodanese to the inactive ribosomes so that no exchange
of bound with unbound protein can take place.
Activation of ribosomes that are inactive for refolding
The results described above lead to the hypothesis that
each ribosome can interact with one molecule of dena-
tured protein that may be either refolded into a native
conformation and released (60–65%) or remain tightly
bound to the ribosomes in an enzymatically inactive form
(33–40%). It follows that with respect to refolding there
were two classes of ribosomes in the original preparation:
one that could bind, promote refolding and release of the
enzyme, plus a second type of ribosomes that could bind
only a molecule of denatured rhodanese. The results lead
to the conclusion that a ribosome can participate in only
one round of refolding under the conditions used. In turn,
it follows that the inactive ribosomes must be activated if
they are to participate in folding as required during suc-
cessive rounds of protein synthesis. This hypothesis was
tested in two ways. First, the ribosomes were incubated
with ATP and a crude fraction that contained the enzymes
and tRNA necessary for peptide elongation. The results
indicated that the ribosomes were activated (data not
shown). These results together with the effects of antibi-
otics on the ribosomal activity for rhodanese refolding (see
below) led us to test EF-G for activation of the ribosomes.
This is the translation factor that causes translocation
during protein synthesis. The EF-G reaction is assumed
to cause a conformational change in the ribosome, specifi-
cally in the ribosomal peptidyl transferase center of the
50S subunit [19]. Highly purified EF-G, together with
GTP, was added to a reaction mixture after 5 min of incu-
bation at which time maximum reactivation of denatured
rhodanese by ribosomes had been reached. The results
shown in Figure 2 indicate that the inactive ribosomes
were activated and that bound rhodanese was renatured
and released as active enzyme from the inactive complex.
Next, EF-G plus GTP were added initially before incuba-
tion. When EF-G was added either after the plateau level
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Figure 1
Dependence of rhodanese reactivation on the concentration of
ribosomes and 23S rRNA. Denatured rhodanese (40 nM final
concentration, prepared and denatured under the conditions described
in the Materials and methods) was incubated for 30 min at 37°C with
the indicated concentrations of 70S ribosomes (n), 50S ribosomal
subunits (s), or 23S rRNA (). Activities are expressed as
percentages of the equivalent amount of native enzyme carried through
the same incubations, except that urea was omitted.
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of rhodanese reactivation was reached or at the beginning
of the incubation, renaturation of rhodanese reached a
maximum level of nearly 100%.
In another experiment, after an initial 5 min of incubation,
the ribosomes were collected by centrifugation, as
described for Table 3a. About 35% of the [14C]leucine-
labeled, denatured rhodanese remained associated with
the ribosomes after the first incubation and centrifugation.
The ribosomes were then reincubated under renaturation
condition by themselves or with EF-G/GTP or -sarcin.
The results are presented in Table 3b. Without additional
components, no rhodanese activity was generated during
this second incubation. However, nearly 100% of the ribo-
some-bound rhodanese could be refolded and released
when the second incubation was carried out in the pres-
ence of EF-G and GTP. Surprisingly, -sarcin also caused
activation of the inactive rhodanese⋅ribosome complex.
This ribotoxin is a very specific ribonuclease that
hydrolyzes the phosphodiester bond between nucleotides
2661 and 2662 in domain VI of the 23S ribosomal RNA,
thereby rendering the ribosomes inactive for protein syn-
thesis and incapable of productive interaction with EF-Tu
or EF-G [20]. A conformational change in the 50S riboso-
mal subunit is thought to be the consequence of -sarcin
action [21]. 
-Sarcin cleavage of 23S RNA is inhibited by binding of
EF-G or thiostrepton to the E. coli ribosome [22]. The
effects of these components on refolding of denatured
rhodanese by the ribosomes were tested, and the results
are presented in Table 4. The ribosomes were first incu-
bated with either thiostrepton or EF-G/GDP in the pres-
ence of fusidic acid. This antibiotic stabilizes the binding
of the EF-G⋅GDP complex to the ribosomes [23]. Refold-
ing of denatured rhodanese is greatly reduced on ribo-
somes to which the EF-G⋅GDP⋅fusidic acid complex has
been bound (Table 4; 16% reactivation of denatured rho-
danese versus 56% with the untreated ribosomes).
Thiostrepton bound to ribosomes inhibits refolding to a
lesser extent (32% reactivation versus 56% with the
untreated ribosomes). After the ribosomes were incubated
with thiostrepton or with EF-G⋅GDP⋅fusidic acid, and
then treated with -sarcin, the toxin lost its ability, par-
tially or totally, to hydrolyze the 23S rRNA (Fig. 3). Con-
comitantly, the ribosomes lost the ability to promote
refolding of denatured rhodanese (Table 4, column 2).
The data of Figure 3 are in accord with reports [22]
regarding the partial inhibition of -sarcin hydrolysis of
23S rRNA by thiostrepton, whereas EF-G⋅GDP⋅fusidic
acid causes nearly complete inhibition. The data in
Table 4 appear to even quantitatively correlate these
known effects on ribosomes with their activity in refolding
of denatured rhodanese. 
The effects of certain other translation-affecting antibi-
otics on ribosome-mediated refolding were tested, and
the results are presented in Table 5. Sparsomycin and
chloramphenicol, which bind to the 50S ribosomal
subunit [24], inhibit refolding. Other antibiotics such as
edeine, an inhibitor of peptide initiation [25], and strepto-
mycin, which binds to the 30S subunit [26], have no
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Figure 2
Timecourse for reactivation of unfolded
rhodanese by ribosomes and by
GroEL/GroES. Denatured rhodanese (40 nM)
was incubated either alone (l) or together
with 50 nM E. coli 70S ribosomes in the
absence of ATP (), or with 50 nM GroEL
and 100 nM GroES in the presence of 2 mM
ATP (). EF-G (400 nM) and GTP to give
0.1 mM were added to some reaction
mixtures at either 0 min (s), or after 5min
incubation (n). At different time points,
samples were withdrawn and assayed for
rhodanese activity. Activities are expressed as
percentages of the equivalent amount of
native enzyme carried through the same
incubations, except that urea was omitted.
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apparent effect on ribosome-mediated refolding of dena-
tured rhodanese. 
Discussion
The data presented here and those cited in the Introduc-
tion show that refolding of denatured protein proceeds
efficiently on ribosomes without the assistance of molecu-
lar chaperones and without ATP. Denatured rhodanese
binds tightly to ribosomes in a 1:1 molar ratio at what
appears to be a specific binding site. The ribosomes them-
selves are in two interconvertible states or conformations
with respect with renaturation: active and inactive. Active
ribosomes are converted to the inactive state during renat-
uration and release of a molecule of rhodanese. Inactive
ribosomes are activated for folding and release by EF-G
plus GTP, or by cleavage of the -sarcin loop of their 23S
rRNA. The active state for refolding may reflect the con-
formation of the ribosome that is brought about by the EF-
G reaction in the peptide elongation cycle or by -sarcin.
Numerous reports indicate that ribosomes exist in at least
two conformations that are specifically related to the reac-
tion steps of the peptide elongation cycle [27–29]. In this
cycle, following the peptidyl transferase reaction, EF-G
promotes a change in the state or conformation of the ribo-
some⋅mRNA complex so that a cognate aminoacyl-tRNA
as an aminoacyl-tRNA⋅EF-Tu⋅GTP complex can be
bound to the next codon [30]. A kinetic analysis of the
GTPase activities of EF-Tu and EF-G on empty 70S ribo-
somes led to the conclusion that these elongation factors
interact sequentially with ribosomes that oscillate between
two different conformations, one for each factor [19]. 
-Sarcin cleaves a single phosphodiester bond at the 3′ side
of G2661 of domain VI of 23S rRNA in prokaryotic ribo-
somes and at the 3′ side of G4325, the comparable position
in 28S rRNA in rat liver ribosomes [20]. These G residues
are part of a universally conserved GAGA tetranucleotide
loop that is the site of attack of many ribosome-inactivating
toxins [31]. This GAGA tetraloop appears to be involved in
the interaction of elongation factors with the ribosomes.
Moazed et al. [32] found that bound EF-Tu or EF-G gave
overlapping footprints in this region for chemical modifica-
tion of the 23S rRNA. These authors determined that EF-
G also prevented chemical modification of nucleotide 1067
in domain II of 23S RNA as well as in the region of 2660 in
domain VI. The former site is the region of thiostrepton
interaction, the latter is in the -sarcin loop. Hydrolysis of
23S rRNA by -sarcin abolished the function of both EF-
Tu and EF-G on the ribosomes [21]. It was concluded that
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Table 3
Distribution of [14C]rhodanese following centrifugation and the
effect of EF-G⋅×GTP and -sarcin on the enzymatic activity of
rhodanese in the resulting ribosome fraction.
(a) Distribution of rhodanese protein and activity after its refolding
by ribosomes and centrifugation.
Additions Supernatant Ribosome fraction
% Protein   % Activity* % Protein   % Activity*
None 65 90 33 2
Unlabeled 65 na† 32 na†
rhodanese
(b) Renaturation of rhodanese that remains in the ribosome
fraction from (a) above.
% Activity‡
None 2 (6)
EF-G⋅GTP 31 (96)
-Sarcin cleavage 29 (87)
*Based on the total enzymatic activity used as starting material. †Not
applicable. ‡Unbracketed numbers are based on the amount of
rhodanese present in the original reaction, before centrifugation,
whereas the numbers in brackets are based on the [14C]rhodanese
protein that was recovered with the ribosomes. (a) Denatured
rhodanese (45 nM) labeled with [14C]leucine was reactivated at 37°C
in the large-scale reaction mixture (1.3 ml) in the presence of 70S
ribosomes (60 nM). An aliquot was taken immediately after reactivation
to determine the percentage of enzymatically active rhodanese. The
remainder of the reaction mixture was split into two equal parts, about
0.60 ml each, and then a fivefold excess of unlabeled denatured
rhodanese was added into one part, then both parts were brought to a
total volume of 1.3 ml with the reaction solution. Both parts were
centrifuged, then the supernatants and ribosomal pellets were
analyzed for distribution of [14C]leucine-labeled rhodanese and its
activity where applicable. (b) Ribosomes with associated rhodanese
after the first renaturation reaction followed by centrifugation (a) were
incubated at 37°C in the absence of ATP either alone or in the
presence of 250 pmol EF-G plus GTP or 0.2 g -sarcin. All fractions
were analyzed for rhodanese activity.
Table 4
EF-G⋅×GDP⋅×fusidic acid or thiostrepton interfere with -sarcin
cleavage of E. coli ribosomes and inhibit refolding of
denatured rhodanese.
Additions Rhodanese refolding (%)
– -Sarcin + -Sarcin
None* 14 14
Ribosomes only 56 81
Ribosome⋅EF-G⋅GDP⋅fusidic acid 16 19
Ribosome⋅thiostrepton complex 32 47
The experiment was performed in three different steps. First, E. coli
salt-washed ribosomes were incubated for 10 min at 0°C in the
absence or presence of either EF-G⋅GDP⋅fusidic acid or thiostrepton.
In the second step, ribosomal fractions reisolated by ultracentrifugation
were incubated for 10 min at 37°C with or without -sarcin. Finally,
each ribosomal fraction (50 nM) was tested for refolding of urea-
denatured rhodanese (40 nM). *‘None’ represents unassisted refolding
of denatured rhodanese performed in the absence and presence of 
-sarcin, respectively.
this GAGA tetraloop plays an important role in changes in
ribosomal conformation that are associated with the action
of these factors. On the basis of the results presented
above, we suggest that -sarcin leaves the ribosome in a
state in which it is active for refolding of denatured rho-
danese. That -sarcin can cleave 23S rRNA and thereby
activate ribosomes to which denatured rhodanese is bound
indicates that the denatured protein does not bind directly
to the GAGA tetraloop. This suggests that the effect of -
sarcin on activation is indirect. 
The antibiotic fusidic acid stabilizes the EF-G⋅GDP
complex on the ribosome [23] and, as shown above,
strongly inhibits the ability of the ribosomes to promote
rhodanese refolding. Stabilization of the EF-G⋅GDP
complex on the ribosome by fusidic acid prevents cleav-
age of the 23S rRNA by -sarcin (see [22] and Fig. 3). Our
observation that ribosomes that have been incubated with
fusidic acid, EF-G and GDP are inactive for refolding but
retain the capacity to bind denatured rhodanese also sug-
gests that inhibition of refolding may be an indirect effect
on ribosomal conformation rather than a direct effect
caused by occupancy of the denatured rhodanese binding
site by the EF-G⋅GDP complex.
The antibiotic thiostrepton also inhibits the ribosome-
dependent GTPase and translation activity of EF-G by
binding directly to the 23S rRNA. Mutant 23S rRNA
altered at residue 1067 shows reduced binding affinity for
this antibiotic [33,34]. Miller and Bodley [22] found that
binding of thiostrepton to ribosomes caused a twofold
reduction in the rate of cleavage of their 23S rRNA by -
sarcin and suggested that the conformation of the EF-G
binding site is affected by binding of thiostrepton. This
inhibition by thiostrepton is distinct from that caused by
fusidic acid, which causes nearly complete inhibition of -
sarcin cleavage. In contrast to fusidic acid, thiostrepton
causes only partial inhibition of rhodanese refolding.
Sparsomycin and chloramphenicol also bind to 50S riboso-
mal subunits and inhibit refolding as well as specific reac-
tions of peptide elongation, but by different mechanisms
than fusidic acid or thiostrepton. Chloramphenicol blocks
binding of aminoacyl-tRNA to the ribosomal A site by
binding to the 50S subunit with an apparent Kd of ∼ 2 M
[35]. However, it causes only incomplete inhibition of
refolding at 20 M. This difference in effective concentra-
tion suggests that the mechanism of its effect on peptide
elongation and refolding are different. Sparsomycin is a
highly specific inhibitor of the peptidyl transferase reac-
tion that functions by blocking binding of a substrate to
the A site while stimulating substrate interaction at the P
site [24]. The site of action of these antibiotics is focused
on the central loop of domain V of the 23S rRNA, which is
thought to constitute the peptidyl transferase center of the
ribosome. Resistance mutants for chloramphenicol and
erythromycin have been mapped to the 2057 nucleotide
region of the peptidyl transferase loop in domain V of the
23S rRNA [36]. These areas of the 23S rRNA are likely to
be involved in the phenomena reported here. But, how
regions of the 23S RNA are spatially oriented and func-
tionally interact is poorly understood. This region of the
subunit may constitute a domain in which renaturation or
cotranslational folding can proceed in a sheltered environ-
ment. This may be within a tunnel in the 50S ribosomal
subunit. A tunnel or several tunnels have been recognized
by image reconstruction of electron micrographs [37–39]. 
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Figure 3
Cleavage of 23S rRNA by -sarcin and inhibition of this reaction by EF-
G⋅GDP⋅fusidic acid or thiostrepton. Either EF-G⋅GDP⋅fusidic acid-
treated or thiostrepton-treated E. coli ribosomes were reisolated (see
Materials and methods) and then incubated with -sarcin. Ribosomal
RNA was separated by polyacrylamide gel electrophoresis and
visualized by ethidium bromide. The location of the -sarcin-generated
fragment is indicated by the arrow. Lanes 1 and 2, ribosomal RNA
extracted from E. coli ribosomes (26 pmol) before and after incubation
with -sarcin (0.3 g), respectively. Lanes 3 and 4, E. coli ribosomes
preincubated for 10 min at 0°C either with EF-G, GDP, and fusidic acid
(lane 3) or with thiostrepton (lane 4) prior to incubation with -sarcin.
1 2 3 4
Table 5
Effect of antibiotics on ribosome-assisted activation of
unfolded rhodanese.
Additions Rhodanese refolding (%)
– Ribosomes + Ribosomes
None 12 59
Sparsomycin 6 M 12 38
15 M 11 19
Chloramphenicol 10 M 12 51
20 M 11 30
Edeine 10 M 11 57
Streptomycin 3 mM 12 59
Unfolded rhodanese (15 nM) was incubated for 30 min with the
indicated amounts of different antibiotics in the absence and presence
of E. coli salt-washed ribosomes (20 nM).
Materials and methods
Materials
Nucleoside triphosphate, E. coli tRNA, and MS2 mRNA were pur-
chased from Boehringer–Mannheim; urea, rifampicin, fusidic acid and
-sarcin were from Sigma (St Louis, MO). A mixture of ribonuclease A
and T1 (‘RNase cocktail’) was from Ambion (Austin, TX). The antibi-
otics edeine and thiostrepton were obtained from Calbiochem and ER
Squibb & Sons Inc, respectively. [14C]leucine was purchased from
NEN–Dupont (Bedford, MA). The chaperonins GroEL and GroES were
bought from Epicentre Technologies (Madison, WI). The plasmid used
was pSP65 containing the rhodanese coding sequence under the SP6
promoter [6]. Preparations of 70S salt-washed ribosomes as well as
the 50S and 30S ribosomal subunits were carried out as previously
described [40]. 23S rRNA and 16S rRNA isolated and purified from 
E. coli ribosomes were kind gifts from Harry Noller and co-workers
(University of California at Santa Cruz). Highly purified EF-G from 
E. coli was kindly provided by OW Odom from our laboratory.
Synthesis of rhodanese, its denaturation and refolding
Rhodanese was synthesized in vitro by coupled transcription/translation
in an E. coli cell-free extract as described previously [6]. After synthesis,
the reaction mixture was centrifuged for 45 min at 150 000 × g to sepa-
rate ribosomes from the soluble fraction. Typically, this enzyme released
into the soluble fraction had a specific activity of 740± 50 units mg–1
enzyme protein characteristic of the native enzyme isolated from bovine
mitochondria [41]. The synthesized enzyme was purified from the super-
natant fraction by precipitation with (NH4)2SO4 and Affi-Blue gel chro-
matography [42]. Unfolding and refolding of in vitro synthesized and
purified rhodanese was performed according to Mendoza and Horowitz
[43]. In all experiments, 0.9–2.6M rhodanese was unfolded in
200 mM sodium phosphate buffer (pH 7.4) containing 1 mM -mercap-
toethanol and 8 M urea for 45 min at 25°C. For analytical purposes,
spontaneous, GroEL/GroES-assisted or ribosome-mediated refolding
was initiated by diluting 2l of denatured enzyme in 8 M urea to a final
volume of 130l of a solution containing 50 mM Tris-HCl (pH 7.8),
200 mM -mercaptoethanol, 50 mM sodium thiosulfate, 10 mM MgCl2,
and 10 mM KCl. For large-scale preparations, reaction mixtures were
enlarged to 1.3 ml. In addition, 2 mM ATP was added where indicated.
The final concentration of rhodanese in the refolding reaction was from
14 nM to 40 nM. In most cases, refolding reactions were carried out at
40 nM rhodanese for 30 min at 37°C. Enzyme activity was used as a
measure of successful refolding of rhodanese into its native conforma-
tion. Enzyme activity was determined by adding 30l of the refolded
rhodanese reaction mixture to 0.5 ml of an enzyme assay solution fol-
lowed by incubation for 30 min at 25°C as described ([6] cf [18]).
Formation of the ribosome⋅thiostrepton and ribosome⋅EF-
G⋅GDP⋅fusidic acid complexes
The quaternary ribosome⋅EF-G⋅GDP⋅fusidic acid complex was formed
as previously described [22]. The reaction mixture, in a final volume of
50 l, contained 50 pmol of E. coli salt-washed ribosomes, 450 pmol of
EF-G, 50 M GDP and 5 mM fusidic acid in a solution containing
20 mM Tris-HCl (pH 7.6), 10 mM Mg(OAc)2, 10 mM NH4Cl, and 1 mM
DTT. The complexes were formed by incubating the above reaction
mixture for 10 min at 0°C. Thiostrepton binding to E. coli ribosomes was
carried out in a final volume of 50l of the solution described above.
The antibiotic (2.7 nmol), dissolved in dimethylsulfoxide, was incubated
with 0.1 nmol ribosomes for 10 min at 0°C. For both fusidic acid and
thiostrepton, the ribosome complexes were reisolated from the reaction
mixture by centrifugation and resuspended in the same solution.
-Sarcin cleavage of 23S rRNA and electrophoretic analysis
of the rRNA fragments
About 26 pmol of E. coli ribosomes were incubated with 0.3 g of -
sarcin for 10 min at 37°C in a total reaction mixture of 25 l that con-
tained 20 mM Tris-HCl (pH 7.6), 10 mM Mg(OAc)2, 100 mM NH4Cl
and 1 mM DTT. Where indicated, RNA was isolated by phenol extrac-
tion followed by ethanol precipitation and then centrifugation. RNA
pellets were resuspended in 15 l of 8 M urea in a solution containing
100 mM Tris, 100 mM H3BO3 (pH 8.0) and 2.5 mM EDTA (TBE). Elec-
trophoresis of rRNA was carried out in 4% polyacrylamide gels at
10–20 mA for 30 min. The rRNA was visualized by staining with ethid-
ium bromide for 5 min (5 l of 10 mg ml–1 ethidium bromide into 25 ml
of TBE solution). A UV picture was taken using #52 Polaroid film. The
extent of -sarcin cleavage of E. coli ribosomes was measured by
analysis of their activity in in vitro protein synthesis. For this analysis,
untreated (control) and -sarcin-treated salt-washed ribosomes were
added to a reaction mixture containing the components required for
coupled transcription/translation and analyzed for the synthesis of rho-
danese as described previously [6]. Ribosomes that had been incu-
bated for 10 min at 37°C with -sarcin were inactive for protein
synthesis.
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